Abstract: Surface-plasmon coupled emission (SPCE) has emerged as a new and potentially powerful tool for highly sensitive fluorescence detection. In the case of SPCE, the fluorescence is collected through a semitransparent thin metal film deposited on glass. We present a theoretical analysis of SPCE, studying the potential enhancement of the fluorescence collection efficiency, brightness, quantum-yield, and photostability. The results are compared with fluorescence detection on a pure glass surface. It is shown that SPCE does not lead to any improvement, but that the metal film actually reduces the sensitivity of fluorescence detection. 195-287 (1984 1-9 (1999). 19. J. Enderlein "Theoretical study of detecting a dipole emitter through an objective with high numerical aperture," Opt. Lett. 25, 634-636 (2000). 20. J. Enderlein "A theoretical investigation of single molecule fluorescence detection on thin metallic layers,"
Introduction
Fluorescence-based detection is one of the most important techniques for sensitively detecting low concentrations of biomolecules that are either fluorescently tagged or autofluorescent. One of its applications is found in affinity-based assays, where surface-bound receptor molecules are used to capture ligands from a solution, thus concentrating them at the surface. These heterogeneous assays play a central role in DNA analysis, biotechnology and pharmaceutical research, where fluorescence detection assures high sensitivity and a low background signal. An additional requirement in these assays is the surface selectivity of the detection technique, i.e. that background fluorescence from the bulk solution is efficiently suppressed in comparison with fluorescence generated by surface-captured molecules. A widely employed technique for achieving such surface-selectivity is total internal-reflection fluorescence (TIRF) excitation [1, 2] . Recently, several alternative approaches have been proposed with the goal of achieving effective surface-restricted fluorescence detection without compromising the signal-to-background ratio, namely supercritical angle fluorescence (SAF) [3] [4] [5] , surface plasmon field-enhanced fluorescence (SPFS) [6] [7] [8] and surface plasmon-coupled emission (SPCE) [9] [10] [11] .
The core idea of SPCE is the use of a semi-transparent thin metal film that is deposited on a glass substrate to enhance fluorescence excitation and to improve fluorescence collection for molecules close to the surface. It is well-known that for plane wave illumination from the glass side at an incident angle close to the angle of surface-plasmon resonance (SPR), the local electric-field intensity near the surface can be significantly enhanced compared to a similar configuration without metal. It was also shown that fluorescence emission can couple into the surface plasmon (SP) mode of the metal film and subsequently be re-radiated into the glass around angles near the SPR angle [12] . Even single molecule detection has been reported using SPCE [13] . This raised expectations of improved fluorescence excitation and detection for a wide range of surface-restricted applications of fluorescence detection. In a recent publication [14] , theoretical results were presented suggesting a significant improvement in fluorescence detection performance when using SPCE. This would make SPCE a potentially important tool for many biophysical or bioanalytical applications requiring high fluorescence detection sensitivity and good discrimination between surface and bulk generated fluorescence. In the present paper, we will focus on a theoretical analysis of the efficiency and usefulness of SPCE for such applications. We present a detailed analysis of SPCE and provide quantitative results on fluorescence collection efficiency, brightness, fluorescence quantum-yield, and photostability enhancements.
Theoretical background
The theoretical treatment is based on a semi-classical approach, which considers a fluorescing molecule as an ideal dipole emitter. A core quantity required for calculating the optical detection properties of interest is the angular distribution of radiation (ADR), representing the power emitted by the molecule into a given solid angle. The theoretical description of the emission of dipole emitters in front of planar surfaces can be traced back to the classical works of Arnold Sommerfeld [15] , for a more recent discussion of this theory in the context of molecular emission see Ford and Weber [16] . Here, we will follow Refs. [17] [18] [19] which use a notation which is most closely to that in the present paper. The configuration considered here is depicted in Fig. 1 and consists of a molecule placed in water above a glass substrate coated with a thin metal film. Three quantities are of particular interest: the ADR in the water half-space S w , the ADR in the glass half-space S g , and the total power S total emitted by the molecule. In general, all these quantities will not only depend on the emission angles, but also on the orientation of the molecule's dipole and its distance from the metal surface. Furthermore, due to the presence of the metal film, the sum of the integrals of S w and S g over all emission angles will be smaller than S total ; the difference is due to the fact that part of the emitted power is absorbed and dissipated by the metal. Fig. 1 . Setup of SPCE: An aqueous solution of fluorescing molecules is placed on top of a thin metal film deposited on glass. Fluorescence detection is usually done from the glass side. Fluorescence excitation can be performed either from the glass side by a plane wave with incidence angle close to the SP resonance angle, or from the water side with vertical plane wave illumination. A single molecule is depicted as a dipole emitter with a distance z from the metal surface and forming an angle β with the vertical (optical) axis. The angular distribution of radiation into glass is depicted as a red curve and is a function of angle θ. The critical angle θ cr of total internal reflection between glass and water is also shown.
For the sake of simplicity, we start by considering a molecule with a fluorescence quantum yield (QY) of unity. The angle between the direction of emission and the vertical axis (perpendicular to the surface) is denoted by θ (see Fig. 1 ), and the angle around this axis by φ. Without loss of generality, let the dipole axis be within the plane φ = 0. For the planar geometry considered here, the dependence of S w and S g on the dipole orientation takes the particularly simple form ( ) 
where β is the angle between the dipole axis and the vertical axis, z is the dipole's distance from the metal surface, and 
, cos sin
The probability density that a photon is emitted along direction (θ,φ) is given by the ratio S w,g (θ,φ,z,β)/S total (z,β), where the index, w, refers to the water half space and the index, g, to the glass half space. In what follows we will consider only the special cases of vertical (β = 0) and horizontal (β = π/2) dipole orientation -the general case can easily be derived using the above relations. Thus, the energy emitted into the glass within an angular region θ 0
is given by
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where
)/2, and the superscript ┴ refers to the vertical dipole orientation, and the superscript || to the horizontal dipole orientation. If one sets θ 0 = 0 in Eq. (3), emission into all angles of the glass half-space is considered. If one chooses θ equal to the critical angle of TIR, only SAF detection is considered. In order to obtain the emission into the water half space, one has to replace the subscript g by w in Eq. (3). Finally, the energy absorbed and dissipated within the metal film is calculated as the difference
The situation becomes more complex when considering molecules with a fluorescence QY below unity. The emission power as calculated above refers only to the radiative component of the transition from the excited to the ground state and not to the non-radiative part, which remains unaffected by the electromagnetic interaction between the emitting molecule and its environment. Thus, if one starts with a molecule having fluorescence QY Q 0 and total electromagnetic emission power S 0 when placed in water and not in close proximity to any interface, its changed emission power S total near the surface leads to the following fluorescence QY Q 0 0
where Q here is understood as the part of the excited state energy, that is emitted electromagnetically, regardless of the further fate of this energy. The ratio S total /S 0 is directly proportional to the radiative transition rate of the molecule near the interface and in water, i.e. to the inverse ratio of the fluorescence lifetime that would be measured for a molecule with a QY of unity,
Thus, one has an intrinsic relationship between the enhanced radiative transition rate and an enhanced fluorescence QY. Taking this changed QY into account, the total energy emitted into the glass is now given by the integral of the product of Q and the ratio S g /S total :
Finally, let us turn to the photostability of fluorescing molecules. If one assumes that any photodestructive process can occur only as long as the molecule is in the excited state, any change in excited state lifetime will lead to a changed photostability. We may assume that the average number of photons that can be extracted from a molecule before photobleaching is inversely proportional to the excited state lifetime. For simplicity, we will treat the photostability only for molecules with fluorescence QY of unity, where this effect will be most pronounced. In this case, the average detectable number of photons until bleaching is estimated as
where N 0 denotes the average total number of photons emitted by a molecule in water until bleaching.
Results and discussion
We have performed numerical calculations for fluorophores that are excited at 532 nm and have their emission maximum at 570 nm, and for a silver film deposited on glass. Silver was chosen because of its superior ability to support SPs in the visible wavelength region. In order to choose the optimum metal film thickness, we took into account the fact that SP coupling of fluorescence emission will be optimum at maximum SP resonance. For a given value of emission wavelength, there exists a unique metal film thickness where an absolute minimum of reflectivity is reached (i.e., where maximum coupling of energy into the metal film is achieved) when illuminating the sample with a plane wave from the glass side at a specific angle of incidence. The dependence of the reflectivity on metal film thickness and incidence angle at the excitation and emission wavelengths 532 nm and 570 nm, respectively, is shown in Fig. 2 . The absolute minimum of the reflectivity for the emission wavelength occurs for a metal film thickness of ~46 nm and angle of incidence of ~72°. Therefore, a silver film thickness value of 46 nm was used for the subsequent calculations. Shown is the reflectivity of a plane wave incident from the glass side as a function of silver film thickness and incidence angle. For both wavelengths, there is a unique pair of thickness and angle values where reflectivity reaches an absolute minimum, i.e. maximum coupling of incident energy into the metal film. Figure 3 shows the partition of radiated energy from an emitting molecule in water at varying distance from the metal. The fluorescence QY is assumed to be unity. The top panels show the total emissions into the glass half space (which is the SPCE of interest) and the water half space, as well as the energy absorbed and dissipated within the silver film. The insets show polar plots of the ADRs for fluorophores at SPCE-optimum distances from the surface as indicated by the vertical lines. For comparison, the bottom panels show the energy partition for a pure glass/water interface. The insets now show polar plots of the ADRs for fluorophores located directly on the glass surface. In addition to presenting the total emission into the glass and water half spaces, the total emission into angle above the critical angle of TIR (SAF detection) is also shown. A remarkable result is the high degree of energy dissipation in the metal that accompanies SPCE. The highest efficiency with which the excited state energy is converted into SPCE is observed for a vertical dipole orientation and a distance of ~110 nm from the silver film. Even under such ideal conditions more energy is lost in the metal (~54%) than emitted as SPCE into the glass (~42%). For a horizontal dipole orientation the situation is even worse, as the efficiency of SPCE never exceeds 10% but most of the energy is emitted into the water half-space. Many analytical applications involve the detection of randomly oriented fluorophores. In such a case, the best achievable SPCE is observed for molecules at roughly 110 nm above the silver film, emitting on average 18% of their energy into SPCE modes.
In comparison, isotropically orientated fluorophores bound at a bare water/glass interface emit 73% of their energy into the glass. Consequently, the presence of the silver film significantly attenuates the emission into the glass and the SPCE modes contain much less energy than the emission from a plain water/glass interface. SPCE has been described as a potentially powerful tool for monitoring binding assays due to the surface-confined detection volume [11] but an even stronger surface confinement is achieved using a bare water/glass interface in conjunction with SAF detection method. For isotropically oriented fluorophores at a water/glass interface SAF amounts to 34% of the total fluorescence emission [4] . Consequently, the SAF detection from a water/glass interface is significantly more efficient than the complete collection of SPCE through the silver film. These results are all the more remarkable as SPCE has been advertised as an approach that yields fluorescence enhancements of up to 1000-fold [9, 18] . SPCE has been described as highly directional [9] [10] [11] 21, 22] , which suggests that an efficient collection of the signal is straightforward. This is rather misleading as the SPCE is emitted into a narrow range of surface angles far above the critical angle of TIR, namely at an angle of 144° for the parameters considered here. A consequence of this is that even a microscope objective with a numerical aperture of 1.45 is insufficient for the collection of SPCE from an aqueous analyte. In order to achieve a complete collection of light emitted into the very large angles encountered in SPCE and SAF, special optical elements have to be employed such as high aperture parabolic collectors [23, 24] .
An important issue is metal-induced QY enhancement. As shown in the top panel of Fig. 4 , the presence of the silver film strongly increases the radiative transition rate for molecules near the surface. When taking into account this tremendous increase of the radiative transition rate, one may expect a strong QY enhancement, in particular for molecules with low intrinsic QY. However, the QY enhancement is counterbalanced by energy absorption and dissipation by the metal film, as shown in the center and bottom panels of Fig. 4 . The numerical results for the total emission into the glass half space are shown for three different values of QY. Even for the lowest QY considered (10 %), no distinct improvement in detectable signal is observed with SPCE. This is due to the fact that a substantial increase in radiative transition rate is only obtained for emitters very close to the silver film, where most of the emitted energy is absorbed by the metal. Compared to the pure water/glass system, the introduction of the silver coating clearly reduces the emission into the glass even for fluorophores with low QY.
Other important fluorescence properties to be studied are photostability and brightness. Due to the enhanced radiative transition rate for molecules close to the metal, one may expect that they become more photostable (due to the reduced time they spend in the excited state), resulting in a larger amount of fluorescence signal that can be collected until bleaching. The top panel of Fig. 5 shows the average number of photons that can be extracted from a molecule (with unity QY) until bleaching as function of its distance from the surface. As can be seen, the presence of the silver film does indeed lead to an increased number of detectable fluorescence photons until bleaching for molecules sufficiently close to the surface (a slight increase is also observed for the plain water/glass interface). However, this enhanced photostability cannot be considered without considering also the observable fluorescence brightness (i.e. signal strength). In case the price for an enhanced photostability is a significant reduction in fluorescence intensity, the low signal-to-background ratio nullifies any potential benefit of enhanced photostability. Fluorescence brightness is calculated as the product of excitation intensity times the efficiency of fluorescence detection into the glass. For molecules above a metal film, two basic excitation configurations are reasonable: wide field excitation by a plane wave incident from the water side perpendicular to the silver film (reversed Kretschmann configuration), and SP coupled excitation by a plane wave incident from the glass side at the plasmon resonance angle (Kretschman configuration) [10] . For the pure water/glass system, we will consider plane wave excitation from the glass side perpendicular to the surface and excitation with an incidence angle close to the TIR angle. The dependence of the detectable fluorescence brightness on surface distance is shown in the bottom panel of Fig. 5 . For all settings, an identical intensity of excitation light and randomly oriented emitters were assumed. By illuminating the silver film at the SP resonance angle, the intensity of excitation is enhanced by a factor of up to 16. This enhancement is only achieved directly on the film, a region where the efficiency of SPCE detection is nearly zero.
For SPR excitation, the intensity decays rapidly with surface distance so that, at the optimum distance for SPCE of 110 nm, the excitation enhancement factor is only 3. Excitation in the reversed Kretschmann configuration turns out to be even more unfavourable. With a 46 nm thickness, the silver film acts as an efficient mirror creating a standing wave of excitation light above the surface. Coincidentally, the excitation intensity is near a minimum at a 110 nm surface distance, the region of highest SPCE, resulting in low fluorescence signals. In the case of a water/glass interface, illumination close to the critical angle of TIR leads to an enhancement by a factor of up to 4 compared with perpendicular illumination. The highest excitation enhancement is achieved directly on the glass surface, which is simultaneously the location of highest collection efficiency. This leads to a higher fluorescence signal than ever obtainable with SPCE. Even with perpendicular plane-wave illumination, the detectable fluorescence brightness without the silver film is clearly superior to SPCE. Inspecting both panels of Fig. 5 together shows that the apparent increase of photostability by the metal is mostly negated by the low signal-to-background ratio due to decreased observable brightness. It should be also taken into account that the effect of increased photostability is lower for molecules with a QY smaller than one, so that the top panel of Fig. 5 already shows the most favourable situation. Fig. 6 . Partition of emitted energy between radiation into glass half space, into water half space, and energy absorbed by and dissipated within the metal film for the glass/metal/waveguide/water system. Functional dependence on metal film and waveguide layer thickness is shown. The refractive index of the dielectric layer is 2, the position of the emitting molecules is directly on the surface of the waveguide. The top panel shows the results for vertically oriented dipoles, the bottom panel for horizontally oriented ones.
Finally, we consider a modification of SPCE where an additional dielectric layer of high refractive index is deposited on top of the metal film. It is well known that emitting molecules close to a refractive-index discontinuity emit the larger part of their energy into the medium with the higher refractive index. Thus, it may be hoped that an additional layer of high refractive index serves to redirect the fluorescence emission towards the metal film, where it is then converted into SPCE modes. Additionally, the layer serves as a spacer between the fluoresc-ing molecules and the metal surface, thereby eliminating direct quenching of molecules in close proximity to the metal. Numerical results for a dielectric layer with refractive index of 2.0 are presented in Fig. 6 , where the partition of emitted energy between the glass halfspace, the water-half space and the metal are shown as a function of metal and dielectric layer thickness. Remarkably, the vertical and horizontal dipole orientations display optimum of fluorescence detection conditions for completely different parameters. The optimum for the vertical dipole orientation is achieved for a metal film thickness of ~20 nm and a ~210 nm dielectric film thickness, whereas the optimum for the horizontal dipole orientation is achieved for the lowest considered film thickness of ~5 nm and a dielectric layer thickness of ~60 nm.
In both cases, maximum achievable fluorescence emission into the glass half-space is lower than when detecting fluorescence directly at a pure water/glass interface. We repeated the calculations also for a higher refractive index of 2.5, but found similarly unfavourable results. Therefore, introduction of an additional dielectric layer does not yield improved performance of SPCE compared with fluorescence detection on pure glass.
Conclusion
The sharp angular maximum of SPCE is a striking phenomenon and is in stark contrast to the familiar fluorescence behaviour inside a homogeneous medium. In a series of recent publications, SPCE was introduced as an extremely powerful and straightforward new method for sensitive detection in analytical chemistry. It was anticipated that SPCE could increase the fluorescence signals by a factor of up to 1000 [9, 21] , which would be a revolutionary improvement for analytical assays indeed. Here, we have theoretically evaluated the performance of SPCE-based fluorescence detection and compared it with conventional fluorescence detection on pure glass. It was demonstrated that significantly less energy is coupled through a silver film into the glass than in the case no silver film is present. We have shown that the detectable fluorescence brightness with SPCE is worse than that obtainable on a bare water/glass interface, with the result that SPCE does not enhance the detectable fluorescence signal. On the contrary, light collection through the metal film clearly attenuates the fluorescence signal and should be avoided in analytical applications where sensitivity is of crucial importance. However, it should be emphasized that the results presented here were calculated for the ideal case of perfectly planar substrates. Surface roughness of the metal coating may lead to additional effects such as more enhanced electric fields and thus fluorescence excitation, which are not accounted for by our theory.
There may be special applications where SPCE can be advantageous with respect to more conventional detection schemes. First, the high directionality of fluorescence emission in SPCE may help to better discriminate between fluorescence and any other background which does not show a similar directionality in emission (potentially Rayleigh and Raman scattering). Second, the angular position of the SPCE emission peak is strongly wavelength dependent (due to the strong dispersion of metals), which makes it possible to use SPCE as a spectrally resolving technique. This makes parallel detection of spectrally different fluorophores possible without the use of additional dispersive elements [25] . Third, SPCE emission is highly polarized, in contrast to emission generated at a glass/water interface. These polarization properties of SPCE emission may be useful under special circumstances.
